We evaluated the composition of Swertia herbs using high performance liquid chromatography-diode array detector-mass spectrometry (HPLC-DAD-MS). Eleven peaks of 6 species were unequivocally identified by comparing their retention times, UV spectra, on-line electrospray ionization mass (ESI-MS) spectra, and collision-induced dissociation mass spectrometry/mass spectrometry (CID-MS/MS) data with those of authentic compounds. We adopted wavelengths of 254 nm, 340 nm and 230 nm to simultaneously determine these 11 compounds. By comparing the overall DAD and total ion current (TIC) profiles of various samples, the 6 species were differentiated in terms of the occurrence and/or relative concentrations of the eleven compounds. Our novel validated HPLC-DAD-MS method not only facilitates quality control and identification of Swertia herbs, but is also applicable to systematic investigations of the distribution of secoiridoids, flavonoids, and xanthones in the genus Swertia.
They might also promote liver regeneration, repair liver fibrillation, clear fatty deposits within the liver and protect the liver from experimental damage by CCl 4 .
2)
Swertia herbs contain the major secondary metabolites iridoid glucosides, xanthones and flavonoids. [3] [4] [5] [6] [7] [8] Of these, swertiamarin (1) is the most abundant active constituent, being a central nervous system-depressant 9) and anticholinergic. 10) Sweroside (2) inhibits the growth of Staphylococcus epidermidis. Both swertiamarin (1) and sweroside (2) inhibit the growth of Bacillus cereus, Bacillus subtilis and Citrobacter freundii, are generally toxic in the brine shrimp lethality bioassay, 11) and have mild hepatoprotective activity. 12) Amarogentin (4) is the most bitter principle and it has antiproliferative and pro-apoptotic actions. 13) Swertianolin (6) has anti-acetylcholinesterase activity. 14) Bellidifolin (5) has potent and dose-dependent hypoglycemic activity in rats with streptozotocin (STZ)-induced diabetes. 15 ) Pseudonolin (7) exhibits strong hepatoprotective activity against cultured hepatocytes injured by CCl 4 . 1) Isoorientin (8) has powerful antiperoxidative activity towards linoleic acid and protects against the bactericidal action of the tert-butyl peroxyl radical. 16 ) Isoorientin (8) also has significant anti-nociceptive and anti-inflammatory activities. 17) Isovitexin (9) is a potent antioxidant that reduces hydrogen peroxide formation in mice. 18) The content of each component in Swertia herbs significantly varies according to geographic, climatic, environmental and other factors. As the application of Swertia herbs becomes more extensive, a quality standard is urgently required to identify the raw materials. Quality control and evaluation of Swertia herbs have generally targeted swertiamarin (1), due to the high content of this compound. 19, 20) The content of swertiamarin (1) 21) and its seasonal variation have been determined using thin-layer chromatography. 22) Furthermore, swertiamarin (1) has been quantified using high-performance liquid chromatography (HPLC). 23, 24) However, this compound alone could not be responsible for the overall pharmacological actions of Swertia herbs and synergistic effects among the various constituents probably play significant roles. The fingerprints of Swertia herbs or multi-component chromatograms using HPLC or capillary electrophoresis have been published, 24, 25) but we describe here the qualitative and quantitative analysis of 6 Swertia herbs using HPLCdiode array detection (DAD)-MS as well as the chemical evaluation of these species by comparing the overall DAD and total ion current (TIC) profiles.
We identified characteristic peaks among various samples and determined the optimal wavelength at which to detect each constituent characteristic chromatograms using HPLC-DAD, in particular the analysis of three-dimensional retention time-absorbance-wavelength plots (3D-plots). The chemical constituents in the chromatographic profiles were identified based on findings of on-line HPLC-electron spray ionization (ESI)-MS. The powerful HPLC-ESI-MS technique is highly sensitive and selective and thus is widely applied to analyze complex mixtures. By coupling HPLC to an ion trap mass spectrometer, valuable structural information can be obtained from collision-induced dissociation (CID). In this study, we used HPLC-ESI-MS to confirm the structures of the main constituents of Swertia herbs and showed that this method is useful for their quality control.
Experimental
Instrumentation Chromatograms, UV spectra and 3D-plots were acquired using an Agilent 1100 series HPLC-DAD system (Agilent Technologies, Waldbronn, Germany) comprising a binary pump, thermostated col- umn compartment and DAD. We used an Esquire 3000 mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) system with an ESI ionization source for mass spectrometric identification of characteristic peaks. Samples were separated by HPLC using a TSK gel ODS-80 Ts (2.0 mmϫ150 mm i.d., 5 mm) column with a flow rate of 1.0 ml/min at 30°C. Solvent systems were applied in a stepwise gradient of acetonitrile-water starting from 10% (v/v) acetonitrile followed by 0-15 min, 10-35% acetonitrile; 15-20 min, 35-100% acetonitrile. Thereafter, the column was washed with 100% acetonitrile for 10 min and equilibrated with the starting eluant for 10 min. The ESI-MS conditions comprised drying gas N 2 , 10.0 l/min; temperature, 250°C; nebulizer pressure, 50 psi; isolation width, 4; fragment amplification, 1.0; scan range, 50-750 u.
Solvents and Chemicals Acetonitrile and methanol of analytical HPLC grade as well as chloroform were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
Reference Compounds Standard compounds (1-11, Fig. 1 ) were isolated from a MeOH extract obtained from Swertia japonica as follows. Dried whole plants of S. japonica (5 kg) were extracted with MeOH (25 l) three times at room temperature, and the extract (998 g) was dried under reduced pressure, suspended in water (1.2 l) and extracted three times with CHCl 3 (1.2 l). The aqueous layer was passed through a Mitsubishi Diaion HP-20 column (6ϫ150 cm) and eluted with H 2 O, 50%, and 100% MeOH. The 50% MeOH fraction (10 g) was separated by chromatography on a silica-gel column (5ϫ60 cm) using CHCl 3 -MeOH as the eluent to yield swertiamarin (1, 7.8 g) and sweroside (2, 20 mg). The MeOH eluate (140 g) was separated by silica-gel column chromatography (8ϫ100 cm) using CHCl 3 -MeOH to yield amarogentin (4, 0.20 g), amaroswerin (3, 0.45 g), bellidifolin (5, 1.28 g), swertianolin (6, 1.17 g), pseudonolin (7, 0.43 g), isoorientin (8, 2.65 g), isovitexin (9, 0.16 g), swertiajaponin (10, 1.57 g) and swertisin (11, 0.74 g).
The structures of these compounds were identified by comparing their 1 H-and 13 C-NMR, MS (ESI), and UV spectral data with those reported, 1, [3] [4] [5] [6] [7] [26] [27] [28] and the purities were checked by HPLC. Sample Preparation Samples of powdered Swertia herbs (1.0 g) were placed in 50 ml amber vials with extracted twice over a period of 1 h each with 15 ml of methanol. The extracts were combined and evaporated to dryness under reduced pressure. The residue was dissolved in 10 ml of methanol, passed through a 0.45 mm membrane filter, and then (10 ml) analyzed by HPLC.
Plant Materials

Results and Discussion
Optimization of Chromatographic and MS Conditions The constituents of Swertia herbs in published fingerprint and multi-components analyses were detected at wavelengths of 260 and 254 nm. 24, 25) The optimal wavelength for detecting Swertia components was determined using a DAD detector. Since peak maximal number, relatively higher peaks and a stable baseline in chromatograms were obtained at 254 nm, we monitored elution profiles at this wavelength.
Active principles from Swertia herbs have been extracted using various solvents including methanol and ethanol. 24, 25) However, we used methanol because the extraction efficiency was better than that of ethanol.
Eleven isolated reference compounds were analyzed to optimize the MS measurement conditions. The sensitivity of detecting all of the reference compounds in the ESI mode was higher using negative, than positive ionization. In positive ion mode, amaroswerin (3) yielded a weak sodium adduct ion peak at m/z 603, but a protonated or potassium adduct was not identified. Because the [MϪH] Ϫ signals of most compounds were obvious in the negative ion mode (Table 1) , all mass spectral data discussed here were obtained in the negative ESI mode.
Identification of Chemical Constituents of Swertia Herbs Eleven peaks in the HPLC/DAD and HPLC/MS (TIC) chromatograms were unequivocally identified through comparisons of their retention times, on-line ESI-MS, CID-MS/MS and UV spectra with those of authentic compounds. Table 1 UV data.
A sugar moiety was consequently eliminated and intense aglycone ions always appeared as a base peak in the CID-MS/MS spectra of O-glucosyl xanthones. The aglycone moiety exhibited fragment ions corresponding to the loss of CO and CH 3 .
All C-glycosidic flavonoids showed intense [MϪH] Ϫ ions in negative ESI-MS spectra. Contrary to O-glycosyl xanthones, C-glycosyl flavonoids did not generate abundant aglycone ions, but produced characteristic ions owing to the fragmentation of the C-glycosyl group caused by the loss of 2(HCHO), 3(HCHO) and 4(HCHO). 29) Various characteristic fragmentations for iridoids (1) (2) (3) (4) were generated with the elimination of neutral molecules from either the aglycone or sugar moieties, cleavage of the aglycone or sugar moiety, and elimination of the substituents present in the sugar moiety.
Suryawanshi et al. 30) have reported the fragmentation processes of C-glycosidic xanthone and secoiridoids in a positive ion mode with a triple quadrupole mass spectrometer, but we found that a negative ion mode that we adopted was more suitable for identification of secoirioids in Swertia herbs with an ion trap mass spectrometer and there were some differences in fragmentation between the two modes.
Quantitation of Chemical Components in Swertia Herbs
Although some of the main components in S. japonica have been quantified at a wavelength of 254 nm, 24) components at their respective maximum absorption wavelengths have not yet been simultaneously determined. The absorption maxima of the isolated xanthones, flavonoids and secoiridoids were 254, 340 and 230 nm, respectively (Fig. 2) , and were thus quantified at these wavelengths. Although belonging to a secoiridoid group, sweroside (2) was quantified at 254 nm.
A stock solution of the 11 standard compounds including 4 secoiridoids, 4 flavonoids and 3 xanthones was prepared in (10); 5, isovitexin (9); 6, swertisin (11); 7, swertianolin (6); 8, amaroswerin (3); 9, amarogentin (4); 10, pseudonolin (7); 11, bellidifolin (5).
methanol. The stock solution was serially diluted to reach the appropriate concentration ranges for the construction of calibration curves. The diluted standards were filtered through a 0.45 mm membrane and then analyzed by HPLC. Calibration curves were constructed for each compound at 6 concentrations in triplicate by plotting the peak area (Y) versus concentration (X). Linear regression of the standard compounds showed good linearity, and the method permitted the determination of these constituents in Swertia herbs over a wide range of concentrations.
To verify the precision of the method, we analyzed standard mixtures 5 times on the same day (intraday) and on 3 consecutive days (interday). The relative standard deviations (RSDs) of the intraday and interday are as shown in Table 2 .
Samples of S. japonica I (nϭ3) were spiked with a known amount of the eleven isolated compounds to examine recovery and RSD values using the proposed method ( Table 2 ). The limit of detection (LOD) and the limit of quantitation (LOQ) under our chromatographic conditions were determined by measuring the magnitude of the analytical background by injecting blank samples and calculating the signalto-noise ratio for each compound by injecting a series of solutions until the S/N ratio reached 3 for LOD and 10 for LOQ. Five replicate injections of the solution resulted in an RSD of 3%. Table 2 shows the LOD and LOQ for each compound.
The amounts of the 11 analytes in Swertia herbs were determined within a linear range by comparison with the calibration curve of each standard compound (Table 3) .
Comparison of Swertia Herbs
The components of Swertia herbs considerably differ according to their source. Various species of Swertia herbs have historically been identified by sophisticated botanists based on morphological and histological characteristics, but this is time consuming and not appropriate for many researchers. Therefore, a simple and reliable technique should be established to unambiguously distinguish the various species.
The sensitivity of UV monitoring is very low and structural information is limited. This problem can be overcome by using an on line LC-MS method. By comparing the overall DAD and TIC profiles of various samples, we could discriminate six species in terms of the occurrence and/or relative concentration of 11 compounds. Figures 3 and 4 show typical DAD and TIC chromatograms of the extracts of 6 species of Swertia herbs. Agreement between the TIC and UV chromatograms was close. Notably, many compounds such as amaroswerin (3) and amarogentin (4) generate very small peaks on UV chromatograms that can easily be overlooked, whereas TIC clearly identified the two components. On the contrary, peaks of bellidifolin (5) and swertianolin (6) were relatively weak in the TIC, possibly because of poor ionization efficiency.
Swertiamarin (1) was the most dominant in all of the Swertia samples, the contents varying from about 1400 to 40600 mg/g in 6 species, a variation of about 30-fold. Although amaroswerin (3) and amarogentin (4) have been isolated from S. pseudochinensis, 1) their contents were below the limit of detection in the present study. On the other hand, 488 Vol. 56, No. 4 significant amounts were found in S. japonica, and they were also detected in S. binchuangensis and S. punicea. Amarogentin (4) has a bitterness index of 58000000 compared with that of quinine, at 200000. 31) The absence of amaroswerin (3) and amarogentin (4) in S. pseudochinensis might explain why this herb is less bitter than S. japonica as recorded in the Instruction Manual of the Japanese Pharmacopoeia (14th edition). 32) Pseudonolin (7) has been isolated from S. pseudochinensis, 1) but we also isolated it from S. japonica, and discovered it here in S. binchuangensis and S. punicea. S. japonica contained about 10-fold more pseudonolin (7) than S. pseudochinensis. Bellidifolin (5) and swertianolin (6) were abundant in S. japonica, present in S. pseudochinensis, S. binchuangensis, S. punicea, but absent in S. decora and S. delavayi.
The relative amounts of C-glycosidic flavonoids are in the order of swertisin (11)Ͼisoorientin (8)Ͼswertiajaponin (10)Ͼisovitexin (9) in S. japonica according to paper partition chromatography (PPC). The present results are not consistent with these findings. We assume that this is mainly due to the difference in accuracy of detection method. Swertiajaponin (10) is abundant in S. japonica and present in S. pseudochinensis, but undetectable in other species and can thus be regarded as a characteristic marker of these two species.
The DAD and TIC chromatograms obtained using our established techniques provided the most comprehensive chemical information for the identification and assessment of Swertia herbs. We concluded that the content and composition of components significantly differs among various Swertia species. Our novel, validated HPLC-DAD-MS method will not only facilitate the quality control and identification of Swertia herbs, but could also advance systematic investigation of the distribution of secoiridoids, flavonoids and xanthones in the genus Swertia to maximize the resources of these and other medicinal plants. 
